INTRODUCTION {#s1}
============

Proliferating cancer cells have considerably different metabolic requirements compared to most normal differentiated cells. For example, to support rapid cell growth and proliferation, cancer cells differentially alter metabolic flux compared to the surrounding tissue to provide sufficient bioenergetics and biosynthetic intermediates. A well-known phenomenon observed in most cancer cells is a shift to aerobic glycolysis, regardless of oxygen supply, which is termed the "Warburg effect", in which pyruvate is directly converted to lactic acid instead of entering the citric acid cycle \[[@R1]\]. As all cancer cells are dependent on this change in metabolism, these altered pathways represent attractive therapeutic targets \[[@R2]\]. Efforts have been made to target reprogrammed metabolism alone or in combination with cancer chemotherapy both in preclinical and clinical studies \[[@R3]\]. Interestingly, this cancer-specific metabolic remodeling is reversed by dichloroacetate (DCA), a mitochondria-targeting small molecule that can penetrate most tissues after oral administration \[[@R4]\]. It specifically inhibits pyruvate dehydrogenase kinase (PDK), a member of the kinase family, leading to reactivation of pyruvate dehydrogenase (PDH), a key enzyme that shifts the flux of pyruvate into the mitochondria to promote glucose oxidation instead of glycolysis \[[@R4]\]. Although DCA has recently been evaluated in several preclinical cancer trials \[[@R5]\], the responses of cancer cells to DCA treatment, which determine whether DCA will provide clinical benefit in cancer treatment, have not been fully elucidated.

More than 70% of breast cancers express the estrogen receptor (ER) and depend on estrogen to drive tumor growth and progression \[[@R6]\]. Thus, endocrine therapy should be considered complementary to surgery in the majority of patients, as it induces tumor remission and provides consistent clinical benefits. The anti-estrogen drug tamoxifen is the most commonly used treatment for patients with ER-positive breast cancer in both the early and the advanced/metastatic stages \[[@R7]\]. As an adjuvant therapy in early breast cancer, tamoxifen improves overall survival, and its widespread use is believed to have significantly contributed to the reduction in breast cancer mortality observed over the last decade \[[@R8]\]. Despite the obvious benefits of tamoxifen treatment in breast cancer, almost all patients with metastatic disease and as many as 25% of patients receiving adjuvant tamoxifen eventually relapse and die due to the disease \[[@R9], [@R10]\]. The biological mechanisms underlying intrinsic (*de novo*) and acquired resistance to tamoxifen are therefore of considerable clinical importance. A better understanding of these mechanisms may suggest new strategies to overcome tamoxifen resistance and improve the treatment of breast cancer.

In the present study, we demonstrated that the expression of EGFR in breast cancer cells was decreased by treatment with DCA. A combination of DCA and tamoxifen further lowered the EGFR levels. We showed that DCA enhanced the cytotoxicity of tamoxifen to breast cancer cells by inhibiting EGFR expression. In addition, DCA sensitized the tamoxifen-resistant MCF7 cells to tamoxifen via EFGR downregulation. These results suggest the potential utilization of DCA in breast cancer treatment by attenuating the EGFR signaling pathway.

RESULTS {#s2}
=======

Inhibition of PDK downregulates EGFR and enhances tamoxifen-induced cell death in breast cancer cells {#s2_1}
-----------------------------------------------------------------------------------------------------

Recent studies have shown that targeting PDK by a PDK inhibitor, such as DCA, shifts the cancer cell metabolism from glycolysis to oxidative phosphorylation by dephosphorylating mitochondrial pyruvate dehydrogenase \[[@R4], [@R11]\]. To elucidate how growth factor and kinase signaling pathways in conjunction with PDK regulate the Warburg effect in breast cancer, we examined the expression levels of several growth factor receptors in PDK knockdown MCF7 cells. Interestingly, the depletion of PDK by siRNA treatment downregulated EGFR, in contrast with no or marginal effects on other growth factor receptors (Figure [1A](#F1){ref-type="fig"}). Four PDK isoenzymes (PDK1, PDK2, PDK3, PDK4) have been identified in mammalian tissues \[[@R12]\]. To confirm the downregulation of EGFR by siPDK treatment, we explored EGFR expression in the cells treated with siRNA against each isoform of PDK. Each siRNA treatment only abolished the expression of the targeted PDK, however, all of them caused the downregulation of EGFR, suggesting that PDK may not regulate EGFR expression in an isoform-specific manner (Figure [1B](#F1){ref-type="fig"}). Consistent with these results, DCA also reduced EGFR levels in a dose-dependent manner (Figure [1C](#F1){ref-type="fig"}). When we analyzed lactate concentration in the culture media, there was no significant change of lactate concentration by treatment with tamoxifen/DCA or siRNA against EGFR, even though it was decreased by DCA treatment ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). Thus, we suggest that EGFR downregulation may not be associated with the DCA-induced metabolic shift in breast cancer cells. Because the activation of the EGFR signaling pathway contributes to tamoxifen resistance \[[@R13]\], we examined whether the downregulation of EGFR by inhibiting PDK sensitized the cells to tamoxifen. As shown in Figure [1D](#F1){ref-type="fig"}, co-treatment with tamoxifen and DCA led to a marked reduction in cell viability. The combined treatment for 72 h reduced the cell viability to less than 30% of that of the control (Figure [1E](#F1){ref-type="fig"}). Then, cell death in the co-treated cells was assessed using Annexin V/PI staining. Forty-eight hours after treatment, the combination of tamoxifen and DCA induced 30% cell death, compared with 15% or 8% by tamoxifen or DCA alone, respectively (Figure [1F](#F1){ref-type="fig"}). Previously, we reported that apoptotic cell death in breast cancer cells was caused by the loss of mitochondrial membrane potential (MMP) \[[@R14]\]. Thus, we tested whether loss of MMP involved in cell death induced by the co-treatment, however, there was no significant change in MMP between untreated and tamoxifen/DCA-treated cells ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}).

![Inhibition of PDK enhanced tamoxifen-induced cell death in MCF7 cells\
(**A** and **C**) MCF7 cells were treated with siRNA against PDK (A) or 20--50 μM DCA (C) for 36 h, and the cell lysates were subjected to Western blotting. The blot is representative of two independent experiments. B. MCF7 cells were treated with siRNA against PDK1, PDK2, PDK3, or PDK4 for 48 h, and the cell lysates were subjected to Western blotting. (**D** and **E**) MCF7 cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48--72 h. The cell morphological changes (D) were observed under an inverted microscope, and the images are representative of three independent experiments. Cell viability (E) was assessed using an MTT assay. Data are presented as the mean of triplicate samples, and error bars reflect the SD. (**F**) MCF7 cells were treated with or without 10 μM tamoxifen or/and 20 mM DCA for 24 and 48 h. Cell death was evaluated by flow cytometry after Annexin V and PI staining. Data are presented as the mean of triplicate samples, and error bars reflect the SD. \**p* \< 0.05;\*\*\**p* \< 0.001 compared to untreated. ns, nonsignificant.](oncotarget-07-59809-g001){#F1}

DCA plus tamoxifen further decreased EGFR levels in both MCF7 and T47D cells compared with that of DCA alone (Figure [2A](#F2){ref-type="fig"}). The cell death induced by the co-treatment was confirmed by detecting PARP cleavage, a marker of apoptosis (Figure [2A](#F2){ref-type="fig"}). Survivin is an anti-apoptotic molecule as well as a target of the ER \[[@R15]\]. The co-treatment also downregulated survivin, which may mediate apoptosis in the cells (Figure [2A](#F2){ref-type="fig"}). Although tamoxifen treatment decreased EGFR levels slightly in MCF7 and T47D cells, no significant increase in cell death was observed in the cells, suggesting that a critical level of EGFR is needed for the survival of breast cancer cells (Figure [2A](#F2){ref-type="fig"}).

![Enhancement of tamoxifen-induced cell death of ER-positive breast cancer cells by DCA treatment\
(**A**) MCF7 and T47D cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h, and the cell lysates were subjected to Western blotting. The blot is representative of three independent experiments. (**B** and **C**) HER2- and vector-MCF7 cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h. The cell morphological changes (B) were observed under an inverted microscope, and the images are representative of three independent experiments. Cell viability (C) was assessed using an MTT assay. Data are presented as the mean of triplicate samples, and error bars reflect the SD. \*\*\**p* \< 0.001 vs. untreated HER2-MCF7 cells. (**D** and **E**) MCF7 and MDA-MB-231 cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h, and the cell viability (D) was then determined. The cell lysates were analyzed by Western blotting (E). Data for the MTT assays are presented as the mean of triplicate samples, and error bars reflect the SD. Data for western blotting are representative of three independent experiments. \**p* \< 0.05 vs. tamoxifen/DCA-treated MCF7 cells.](oncotarget-07-59809-g002){#F2}

Evidence from cell lines has shown that overexpression of HER2 pathways may contribute to acquired resistance to endocrine therapies \[[@R13]\]. To determine whether HER2 overexpression influences the cytotoxicity of tamoxifen and DCA, we examined cell viability in HER2-overexpressing MCF7 (HER2-MCF7) cells after treatment with tamoxifen and DCA. The results showed that tamoxifen and DCA significantly reduced cell viability even in HER2-MCF7 cells (Figure [2B](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}), suggesting that DCA could enhance the tamoxifen-induced cell death in HER2-overepxressing breast cancer cells. We further evaluated the growth inhibitory effects of the co-treatment on the triple-negative breast cancer cell line MDA-MB-231. As shown in Figure [2D](#F2){ref-type="fig"}, MDA-MB-231 cells were less sensitive to tamoxifen and DCA than MCF7 cells. Because downregulation of EGFR was observed in ER-positive cells, we examined the effects of tamoxifen and DCA on EGFR levels in MDA-MB-231 cells. EGFR was highly expressed in MDA-MB-231 cells compared with MCF7 cells, and the levels were not significantly decreased by tamoxifen and DCA (Figure [2E](#F2){ref-type="fig"}). Next, we examined the cytotoxicity of tamoxifen and DCA in non-tumorigenic immortalized breast epithelial cell line MCF10A. Interestingly, the expression of EGFR in MCF10A cells was comparable to that of MDA-MB-231 cells and neither EGFR downregulation nor cell death was observed in MCF10A cells after treatment with tamoxifen and DCA ([Supplementary Figure S3](#SD1){ref-type="supplementary-material"}). These results indicate that the anti-proliferative effects of tamoxifen and DCA in breast cancer cells are dependent on EGFR downregulation.

The combined treatment of tamoxifen and DCA induces p38 MAPK-mediated EGFR degradation {#s2_2}
--------------------------------------------------------------------------------------

As described above, ligand binding causes rapid autophosphorylation, resulting in the removal of the EGFR from the cell surface via endocytosis into an early endosomal compartment \[[@R16]\]. Therefore, we next investigated the role of receptor modification in tamoxifen/DCA-mediated EGFR downregulation. After blocking protein synthesis with cycloheximide, we found that the stability of EGFR was significantly compromised in tamoxifen/DCA-treated cells compared with that of the control (Figure [3A](#F3){ref-type="fig"}). We then evaluated the effects of MG132, a proteasome inhibitor, on tamoxifen/DCA-induced EGFR degradation. Treatment with MG132 restored EGFR expression in tamoxifen/DCA-treated cells in a dose-dependent manner (Figure [3B](#F3){ref-type="fig"}).

![p38 MAPK-mediated EGFR degradation following combined treatment of DCA with tamoxifen\
(**A**) MCF7 cells were treated with 10 μM tamoxifen and 20 mM DCA for 24 h and then treated with or without 50 μg/ml cycloheximide (CHX) for the indicated times. (**B**) MCF7 cells were treated with 10 μM tamoxifen and 20 mM DCA for 24 h and then treated with or without 5 mM MG132 for 24 h. (**C**) MCF7 cells were treated with 10 μM tamoxifen and 20 mM DCA for the indicated times. (**D**) MCF7 cells were pretreated with the indicated doses of SB203580 for 1 h and then treated with 10 μM tamoxifen and 20 mM DCA for 48 h. Protein extracts were harvested and examined by Western blotting. Representative results from independent experiments conducted in triplicate with similar results are shown.](oncotarget-07-59809-g003){#F3}

The phosphorylation of EGFR on serine and threonine residues represents a mechanism for attenuation of the EGFR activity, and among them, the serine 1046/1047 (Ser 1046/7) phosphorylation sites are required for EGFR desensitization \[[@R17]\]. It has recently been reported that p38 mitogen-activated protein kinase (MAPK) induces the phosphorylation of EGFR at Ser 1046/7, which results in its degradation in cancer cells \[[@R18]\]. Therefore, we next examined the effects of tamoxifen and DCA on the phosphorylation of p38 MAPK in MCF7 cells. p38 MAPK was significantly phosphorylated within 1 h, and the phosphorylation was maintained for 24 h following treatment with tamoxifen and DCA (Figure [3C](#F3){ref-type="fig"}). Moreover, the degradation of EGFR induced by the co- treatment was significantly suppressed when the cells were pretreated with a specific p38 MAPK inhibitor, SB203580 (Figure [3D](#F3){ref-type="fig"}), indicating that p38 MAPK activation plays a role in tamoxifen/DCA-induced EGFR downregulation in MCF7 cells.

EGFR inhibitors enhance the tamoxifen-induced cell death {#s2_3}
--------------------------------------------------------

Having shown that DCA-mediated EGFR degradation could enhance tamoxifen-induced cell death in MCF7 cells, we then determined whether EGFR inhibition enhanced cell death in tamoxifen-treated cells. Gefitinib and erlotinib are selective reversible inhibitors of EGFR tyrosine kinase binding to ATP \[[@R19], [@R20]\]. Co- treatment of MCF7 cells with 5 μM gefitinib or erlotinib for 48 h markedly increased tamoxifen-induced cell death (Figure [4A](#F4){ref-type="fig"}). Similarly, knockdown of EGFR using siEGFR treatment enhanced tamoxifen-induced cell death (Figure [4B](#F4){ref-type="fig"}). The reduction in cell viability by the combined treatment of siEGFR and tamoxifen was comparable to that by DCA and tamoxifen. Moreover, siEGFR treatment further lowered EGFR levels in tamoxifen/DCA-treated cells, resulting in increased apoptotic cell death along with downregulation of survivin compared with that of the si-control (Figure [4C](#F4){ref-type="fig"}). These results support the conclusion that DCA sensitizes breast cancer cells to tamoxifen via downregulation of EGFR.

![Sensitization of tamoxifen-induced cell death in MCF7 cells by EGFR inhibition\
(**A**) MCF7 cells were treated with 10 μM tamoxifen and 5 μM gefitinib or erlotinib for 48 h, and the cell viability was then determined. \*\*\**p* \< 0.001 compared with untreated group. (**B** and **C**) MCF7 cells were transfected with 60 nM siRNA targeting EGFR or negative control siRNA and then treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h. Then, the cell viability (B) was determined. The cell lysates were analyzed by Western blotting (C). Data for the MTT assays are presented as the mean of triplicate samples, and error bars reflect the SD. C. Data for western blotting are representative of three independent experiments. \*\**p* \< 0.01.](oncotarget-07-59809-g004){#F4}

c-myc and Nanog expression are associated with the cytotoxic effects of DCA in tamoxifen-treated MCF7 cells {#s2_4}
-----------------------------------------------------------------------------------------------------------

EGFR activation in cancer has been shown to increase various transcription factors that may affect the type and the duration of EGFR signaling \[[@R21]\]. Among them, Nanog and c-myc have a pleiotropic role in tumorigenesis, including resistance to standard therapy in breast carcinoma \[[@R22], [@R23]\]. To further investigate the anti-tumor activities mediated by EGFR downregulation in breast cancer cells, we examined the expression of c-myc and Nanog in MCF7 cells after co-treatment with tamoxifen and DCA. The levels of c-myc and Nanog were significantly decreased in the cells co-treated with tamoxifen and DCA (Figure [5A](#F5){ref-type="fig"}). Similarly, the expressions of both proteins were suppressed by tamoxifen in combination with gefitinib or erlotinib (Figure [5B](#F5){ref-type="fig"}), indicating that EGFR expression is needed to maintain the expression of c-myc and Nanog in tamoxifen-treated MCF7 cells. Nevertheless, there was little or no effect of siEGFR on the expression of c-myc and Nanog, indicating that EGFR downregulation is necessary but not sufficient to decrease the expression of the proteins ([Supplementary Figure S4](#SD1){ref-type="supplementary-material"}). To determine whether the reduced expression of these two proteins is involved in the cytotoxic effects of tamoxifen and DCA in MCF7 cells, we tested the effects of siRNAs against c-myc and Nanog in cells exposed to tamoxifen/DCA. Knockdown of c-myc and Nanog significantly sensitized cells to tamoxifen/DCA compared with the controls (Figure [5C](#F5){ref-type="fig"}). Conversely, overexpression of FLAG-c-myc and FLAG-Nanog by transfection of cells with FLAG-c-myc and FLAG-Nanog vectors significantly protected cells from tamoxifen/DCA-induced cytotoxicity (Figure [5D](#F5){ref-type="fig"}). Taken together, our data suggest that EGFR downregulation by a combination of tamoxifen and DCA may induce cell death in MCF7 cells partially through the inhibition of c-myc and Nanog expression. It has been known that self-renewal genes, such as c-myc and Nanog are associated with cancer stem-like cell properties \[[@R24]\]. To test whether co-treatment with tamoxifen and DCA inhibits breast cancer stem-like cells, we performed flow cytometry analysis to estimate the proportion of stem-like cell subpopulation in MCF7 cells based on the expression CD44. After the co-treatment, CD44-high population in MCF7 cells was reduced from 42.5% to 19.9% (Figure [5E](#F5){ref-type="fig"}). This finding raised the possibility that DCA plus tamoxifen might inhibit cancer stem-like cell capability in breast cancer cells.

![c-myc and Nanog expression is associated with cytotoxicity induced by the combined treatment of DCA and tamoxifen in MCF7 cells\
(**A**) MCF7 cells were treated with or without 10 μM tamoxifen or/and 20 mM DCA for 48 h. (**B**) MCF7 cells were treated with 10 μM tamoxifen and 5 μM gefitinib or erlotinib for 48 h. The cell lysates were subjected to Western blotting. Data are representative of three independent experiments. (**C**) MCF7 cells were transiently transfected with Nanog siRNA and c-myc siRNA or control siRNAs and then treated with or without 10 μM tamoxifen and 20 mM DCA for 48 h. (**D**) MCF7 cells were transiently transfected with pcDNA-FLAG-Nanog and pcDNA-FLAG-c-myc or an empty vector and then treated with or without 10 μM tamoxifen and 20 mM DCA for 48 h. (**E**) MCF7 cells were treated with or without 10 μM Tamoxifen and 20 mM DCA for 48 h and then analyzed CD44 positive cell population on flow cytometry. Data are representative of three independent experiments. Data are presented as the mean of triplicate samples, and error bars reflect the SD. \**p* \< 0.05, \*\**p* \< 0.01,\*\*\**p* \< 0.001.](oncotarget-07-59809-g005){#F5}

The combined treatment with DCA and tamoxifen can overcome tamoxifen resistance in breast cancer cells {#s2_5}
------------------------------------------------------------------------------------------------------

To further confirm the observed effects of DCA on tamoxifen-induced cell death, we established tamoxifen-resistant (TamR) MCF7 cells by tamoxifen treatment over a long period of time. Compared to the untreated cells, the cell viability of the MCF7 and TamR MCF7 cells was 20 and 60%, respectively, following treatment with 13 μM tamoxifen, indicating that the TamR MCF7 cells were less sensitive to the same concentration of tamoxifen than the MCF7 parental cells (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}). DCA alone inhibited the growth of TamR MCF7 cells by approximately 25% of that of the control (Figure [6C](#F6){ref-type="fig"} and [6D](#F6){ref-type="fig"}). In contrast, co-treatment of DCA with tamoxifen suppressed the cell growth by more than 60% compared to the control (Figure [6C](#F6){ref-type="fig"} and [6D](#F6){ref-type="fig"}). The EGFR levels in TamR cells were also downregulated by the co-treatment (Figure [6E](#F6){ref-type="fig"}). These results suggest that DCA could overcome tamoxifen resistance in breast cancer cells by EGFR downregulation at the protein level.

![DCA sensitizes tamoxifen-resistant MCF7 cells to tamoxifen\
(**A** and **B**) MCF7 parental cells and tamoxifen resistant (TamR) MCF7 cells were treated with the indicated concentrations of tamoxifen for 48 h. After incubation of the cells in medium containing MTT, the media were removed, and images (A) were obtained before solubilizing the cells. The data for staining are representative of three independent experiments. Data for MTT assays (B) are presented as the mean of triplicate samples, and error bars reflect the SD. \*\*\**p* \< 0.001 vs. tamoxifen-treated parental group. (**C** and **D**) TamR MCF7 cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h. Cell viability (C) was assessed by an MTT assay. Data for the MTT assays are presented as the mean of triplicate samples, and error bars reflect the SD. \*\*\**p* \< 0.001 vs. untreated group. The cell morphological changes (D) were observed under an inverted microscope, and the images are representative of three independent experiments. Data for the cell images are representative of three independent experiments. (**E**) TamR MCF7 cells were treated with or without 10 μM tamoxifen and/or 20 mM DCA for 48 h. The cell lysates were analyzed by Western blotting. Data are representative of three independent experiments.](oncotarget-07-59809-g006){#F6}

DISCUSSION {#s3}
==========

As the understanding of the metabolic phenotype of tumor cells has grown, targeting the metabolic differences between tumor and normal cells has been proposed as a novel anticancer strategy. Despite the increase in potential anticancer drugs that target metabolic processes of cancer cells, elucidation of how cells respond to the drugs will be necessary to successfully target cancer metabolism. Here, we demonstrated that DCA inhibits not only PDK activity but also EGFR expression in breast cancer cells. The combined treatment of DCA and tamoxifen induced proteasome-dependent degradation of EGFR proteins in breast cancer cells via p38 MAPK activation. Our results indicate that EGFR downregulation plays a key role in apoptotic cell death induced by a combination of DCA and tamoxifen. To our knowledge, this is the first report showing that DCA sensitizes breast cancer cells to tamoxifen-induced cell death via EGFR downregulation.

In ER-positive breast cancer cells that have developed endocrine resistance, ER expression may be directly suppressed by enhanced growth factor receptor signaling due to overexpression of EGFR and HER2, which subsequently activate MAPK and inhibit ER transcription \[[@R25]\]. In addition, resistance to tamoxifen in breast cancer cells has been related to overexpression of EGFR and high levels of phosphorylated extracellular activated kinase 1/2 \[[@R2]\]. Thus, the strategy of combining an EGFR inhibitor with an endocrine agent is of sufficient interest to warrant further study for breast cancer therapy. In this study, we found that downregulation of EGFR in DCA-treated breast cancer cells enhanced the sensitivity of the cells to tamoxifen. EGFR downregulation by co- treatment of DCA with tamoxifen has been confirmed in several ER-positive breast cancer cell lines, including MCF7, T47D and BT474 (Figure [2A](#F2){ref-type="fig"} and not shown). In addition to the HER2-amplified breast cancer cell line BT474, HER2-MCF7 cells also showed EGFR downregulation by DCA/tamoxifen, suggesting that the combination treatment will be applicable to HER2-postive breast cancer. Unfortunately, a triple-negative breast cancer cell line, MDA-MB-231, which is known to overexpress EGFR \[[@R26]\], showed a refractory phenotype as well as no obvious change in EGFR levels in response to the co-treatment. One possibility is that the amplification of EGFR in MDA-MB-231 cells overwhelms its downregulation by co-treatment of DCA with tamoxifen. The other explanation is that the signaling pathway(s) that mediate the EGFR downregulation are blocked by an unknown mechanism in MDA-MB-231 cells. Further investigation will be needed to elucidate the underlying mechanism for maintenance of EGFR expression in response to co-treatment of DCA and tamoxifen in ER-negative breast cancer cells.

Four isoforms of PDK are known, each active in response to different intracellular and extracellular conditions. PDK1 is activated by hypoxia \[[@R27]\]; PDK2 is activated by the PDH products acetyl CoA and NADH \[[@R28]\]; PDK3 is activated by ATP \[[@R29]\]; and PDK4 is regulated transcriptionally by hormonal signals \[[@R30]\]. PDK2 possesses the greatest activity of phosphorylating pyruvate dehydrogenase complex followed by PDK4, PDK1 and PDK3 \[[@R12]\]. PDK2 is most susceptible to inhibition by DCA because of its ubiquitous expression \[[@R31]\]. Although we detected the expression of four isoforms in MCF7 cells (Figure [1C](#F1){ref-type="fig"}), the functional differences between PDK isoforms in breast cancer still remains elusive. Further investigating whether signaling pathways suppressing particular isoform of PDK lead to EGFR downregulation will be interest. PDK is known to function in the mitochondria, and several studies demonstrated that EGFR also translocates to the mitochondria after EGF stimulation \[[@R32], [@R33]\]. Furthermore, it has been suggested that the interaction of EGFR with PDK in the mitochondrial matrix plays an important role in EGFR-induced tumor growth in glioblastoma multiforme \[[@R34]\]. Here, we found that the blockade of PDK activity by an inhibitor or silencing decreased total cellular EGFR levels in tamoxifen-treated breast cancer cells. Further studies are needed to determine whether only mitochondrial-associated EGFR is subject to degradation by co-treatment with DCA and tamoxifen in breast cancer cells. In general, exposure of cells to EGF caused rapid autophosphorylation, including tyrosine (Tyr) 1045, which provides a docking site for the ubiquitin ligase c-Cbl, thus resulting in the ubiquitination of the EGFR and removal of the EGFR via endocytosis from the cell surface into an early endosomal compartment \[[@R35]\]. However, co-treatment with DCA and tamoxifen had no effect on the phosphorylation of EGFR at Tyr 1045 (data not shown). Instead, we observed the phosphorylation of EGFR at Ser 1046/7 by DCA and tamoxifen, which was blocked by a specific p38 MAPK inhibitor, SB203580. It has been suggested that p38 MAPK plays a pivotal role in both the internalization and the degradation of EGFR \[[@R18]\]; however, further investigation is required to elucidate how EGFR phosphorylation at serine residues causes its downregulation and to identify the upstream mediator of p38 MAPK activation after DCA/tamoxifen treatment.

Nanog and c-myc have been identified as transcription factors, and their role in maintaining self-renewal in embryonic stem cells has been established in previous studies \[[@R22], [@R36]\]. A recently proposed mechanism of intrinsic resistance to endocrine therapy posits the existence of a specialized subset of cancer cells called tumor-initiating cells (TICs) \[[@R37]\]. TICs have the capacity to self-renew and to generate new tumors that consist entirely of clonally derived cell types present in the parental tumor. Here, we demonstrated that DCA decreased the expression of c-myc and Nanog in tamoxifen-treated MCF7 cells. Moreover, the expression of these proteins was related to the cytotoxic effects of the combined treatment of DCA and tamoxifen. Therefore, DCA can be exploited to expand the therapeutic potential of tamoxifen by suppressing the development of intrinsic resistance in breast cancer therapy.

In conclusion, our results revealed that DCA sensitized ER-positive breast cancer cells to tamoxifen by decreasing EGFR levels. Treatment with DCA and tamoxifen inhibited the expression of self-renewal genes and the survival of tamoxifen-resistant MCF7 cells. Therefore, we propose that DCA may be an effective therapeutic agent for treating tamoxifen-resistant breast cancer. Moreover, combination strategies with DCA may be useful for enhancing the treatment efficacy of other cytotoxic chemotherapies or targeted therapies. Further experiments, including animal studies and clinical trials, should be carried out in the future.

MATERIALS AND METHODS {#s4}
=====================

Cell culture and reagents {#s4_1}
-------------------------

MCF7, T47D, and MDA-MB-231 human breast cancer cells were purchased from the American Type Culture Collection (Rockville, MD, USA) and were grown in the recommended growth medium (Invitrogen, Carlsbad, CA, USA). HER2-overexpressing MCF7 (HER2-MCF7) and control vector cells (vector-MCF7) were kindly provided by Dr. Incheol Shin (Hanyang University, Seoul, Korea). Tamoxifen-resistant (TamR) MCF7 cells were developed by culturing MCF7 cells in the presence of 10 μM tamoxifen for more than 6 months. As a control, parental cells were cultured for the same amount of time in regular media. Following the establishment of resistance, cells were passaged for no more than 3 months. For experiments involving tamoxifen treatments, cells were routinely cultured in phenol red-free Dulbecco\'s modified Eagle\'s medium plus 10% charcoal-stripped fetal bovine serum just before the treatments. Antibodies against EGFR, phospho-EGFR (S1046/1047), FGFR1, FGFR4, PDK1, PDH, survivin, cleaved PARP, p38, phospho-p38, and Nanog were acquired from Cell Signaling Technology (Danvers, MA, USA). Antibodies against HER2/Neu, ER-α and c-myc, siRNAs targeting EGFR, Nanog, PDK4, and c-myc and the negative control (scrambled) siRNAs were acquired from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against PDK2 and PDK3 were acquired from Thermo Fisher Scientific (Waltham, MA, USA). The β-actin antibody, FLAG antibody, tamoxifen, DCA, cycloheximide and MG132 were purchased from Sigma-Aldrich (St. Louis, MO, USA). The phospho-PDH (S293) antibody and SB203580 were from BD Biosciences Pharmingen (San Diego, CA, USA), and gefitinib and erlotinib were obtained from Selleck Chemicals (London, ON, Canada).

Transfections and treatments {#s4_2}
----------------------------

Cells were transfected with the target siRNA (50 nM) using Lipofectamine RNAiMAX (Invitrogen) as described by the manufacturer. Cells were transfected with 1 μg FLAG-c-myc pcDNA 3.1 and FLAG-Nanog-pcDNA 3.1 using Lipofectamine 2000 as described by the manufacturer. After 6 h, cells were treated with tamoxifen and/or DCA for 24--48 h and then analyzed as described elsewhere.

Measurement of cell viability {#s4_3}
-----------------------------

Cell viability was determined by measuring the mitochondrial conversion of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) to a colored product. Cells were treated as indicated, and the medium was exchanged with serum-free medium containing 1 mM MTT. After 2 h of incubation at 37°C, cells were solubilized in DMSO. The amount of formazan, the converted form of MTT, was determined by measuring absorbance at 595 nm.

Evaluation of apoptosis {#s4_4}
-----------------------

Apoptosis was determined by fluorescence-activated cell sorting analysis using an Annexin V-FITC apoptosis kit (BioVision, Milpitas, CA, USA) as directed by the manufacturer. Briefly, after treatment, cells were treated with trypsin and then resuspended in binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~) including Annexin V-FITC and propidium iodide. After incubation for 15 min, cell fluorescence was analyzed by flow cytometry. Cell death was measured as the percentage of cells in the Annexin V and PI positive population.

Western blotting {#s4_5}
----------------

Cells were harvested and lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with a protease/phosphatase inhibitor cocktail (Roche, Mannheim, Germany). Equal amounts of proteins (20-- 50 μg) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked by incubating with 5% skim milk in Tris-buffered saline for 1 h and were then incubated overnight with the appropriate primary antibodies. Membranes were incubated with HRP-conjugated secondary antibody for 1 h. Immunoreactive proteins were visualized using enhanced chemiluminescence reagents (Amersham Biosciences, Little Chalfont, UK).

Detection of CD44 positive cell population {#s4_6}
------------------------------------------

Cells were stained with antibodies at 1: 100 dilution in PBS for 15 minutes. The antibodies used were as follows; FITC-CD44 and FITC-conjugated mouse IgG isotype control antibodies were obtained from BD Biosciences Pharmingen. Labeled cells were analyzed on flow cytometry. Populations of CD44 positive cells were determined by the intensity of FITC.

Statistical analysis {#s4_7}
--------------------

All data presented are representative of at least two separate experiments. Comparisons between groups were analyzed using Student\'s *t*-test. Asterisks (\*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05) indicate statistical significance.
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